ABSTRACT. New sequencing technologies provide ultra-fast access to novel microbial genome data. For their interpretation, an efficient bioinformatics pipeline that facilitates in silico reconstruction of metabolic networks is highly desirable. The software tool CARMEN performs in silico reconstruction of metabolic networks to interpret genome data in a functional context. CARMEN supports the visualization of automatically derived metabolic networks based on pathway information from the KEGG database or from user-defined SBML templates; this software also enables comparative genomics. The reconstructed networks are stored in standardized SBML format. We demonstrated the functionality of CARMEN with a major application 1661 ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 9 (1): 1660-1672 (2010) In silico metabolic network reconstruction example focusing on the reconstruction of glycolysis and related metabolic reactions of Xanthomonas campestris pv. campestris B100. The curation of such pathways facilitates enhanced visualization of experimental results, simulations and comparative genomics. A second application of this software was performed on a set of corynebacteria to compare and to visualize their carbohydrate metabolism. In conclusion, using CARMEN, we developed highly automated data analysis software that rapidly converts sequence data into new knowledge, replacing the time-consuming manual reconstruction of metabolic networks. This tool is particularly useful for obtaining an overview of newly sequenced genomes and their metabolic blueprints and for comparative genome analysis. The generated pathways provide automated access to modeling and simulation tools that are compliant with the SBML standard. A user-friendly web interface of CARMEN is available at http://carmen.cebitec.uni-bielefeld.de.
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INTRODUCTION
The rapid progress in ultra-fast sequencing technologies leads to a dramatic increase in microbial genome data. After sequencing, the fragmented genome data are assembled to contigs or ideally to a whole genome sequence. Based on these data, an efficient automated analysis is indispensable for integrating the prediction of coding sequences and a first functional classification. This annotation process can be supported by various prokaryotic genome annotation systems such as GenDB (Meyer et al., 2003) , AGMIAL (Bryson et al., 2006) and GAMOLA (Altermann and Klaenhammer, 2003) . Genes coding for proteins build up a basic metabolic repertoire and facilitate the reconstruction of metabolic networks. These genes can be used to deduce special features of microbes by identifying encoded parts of metabolic pathways. This can be related to the presence or absence of key enzymes that are essential for the formation of biochemical reaction chains (metabolic pathways). Therefore, an extensive metabolic analysis is crucial to understand organism-specific features such as lifestyle, ability for adaptation, pathogenicity, and metabolic phenotype. In addition, reconstructed networks can be used for metabolic modeling (Durot et al., 2009) , for instance, to analyze and optimize production strains (Nogales et al., 2008; Puchalka et al., 2008; Kjeldsen and Nielsen, 2009 ). Furthermore, data from comparative genomics approaches can be integrated to demonstrate differences between related species (Sun et al., 2007; Lee et al., 2009) .
Hence, there is a growing demand for the genome-based reconstruction of metabolic networks. As a basis for this kind of analysis, the Systems Biology Markup Language (SBML) (Hucka et al., 2003) was shown to be well suited. SBML is widely accepted as a standard data format for systems biology. It is an open-source XML-based file format that facilitates the description of models and their exchange between various simulation and analysis tools such as the freely available CellDesigner software (Funahashi et al., 2003; Kitano et al., 2005) , VANTED (Junker et al., 2006) or Cytoscape (Shannon et al., 2003) .
The Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999 ) is well established to provide an overview of metabolic pathways. One major component is the KEGG PATHWAY database, which consists of manually drawn pathway maps. The associated computerized information is stored in the KEGG Markup Language (KGML). Unfortunately, KEGG pathways are generalized and static without the ability to add species-specific features or to replace pathways by alternative ones. The tool KEGG2SBML (Funahashi et al., 2004) converts KEGG pathways into SBML networks, but during the conversion process not all relevant information is conserved. For instance, the annotated gene identifiers are lost. The pathway reconstruction is restricted to organisms that are part of the KEGG database and cannot be applied to unpublished genomes. Using the KEGG Automatic Annotation Server (KAAS) (Moriya et al., 2007) , organism-specific pathways can be generated, but may not be curated or edited. Moreover, this tool does not allow comparative pathway reconstruction. An alternative source for metabolic pathway data is the powerful MetaCyc/BioCyc system (Krieger et al., 2004; Caspi et al., 2008) , which provides a useful SBML export. However, local software installation and database maintenance are not convenient for users mainly interested in rapidly obtaining SBML-compliant networks for unpublished genomes. With regard to studying cellular metabolism, IdentiCS (Sun and Zeng, 2004 ) was developed to generate genome annotations and pathway reconstructions. This program combines the identification of coding sequences and the reconstruction, comparison and visualization of the metabolic network directly from unannotated bacterial genome sequences. It allows a fast overview of the metabolic capacities of a newly sequenced microorganism by mapping EC numbers onto KEGG maps. They can be transferred into a Microsoft Excel file for comparison and visualization of various species, but the handling of Excel files is restricted and hinders the illustration of metabolic networks.
To avoid a bottleneck in high-speed data interpretation, CARMEN (Comparative Analysis and Reconstruction of MEtabolic Networks) was developed for the fast and automated reconstruction of metabolic networks. The SBML documents provided by CARMEN are particularly well suited to be subsequently modified with SBML editors. Reconstructed networks can be used to visualize post-genomic experimental data, and they can be utilized as a starting point for model creation in systems biology analyses. Curated SBML models can be used by CARMEN in a recursive manner to extend the network or to include metabolic capabilities of additional organisms. Thus, it enables comparative genome analyses, which is not considered by other SBML generators.
METHODS
To explore the practical value of CARMEN for interdisciplinary applications, a reconstructed and curated metabolic network model of Xanthomonas campestris pv. campestris B100 was simultaneously used for a proteomics and a systems biology application.
Proteomics techniques
Protein isolation, two-dimensional (2-D) gel electrophoresis, spot excision, tryptic ingel digestion, and protein identification by mass spectrometric analysis of peptide mass fingerprints were performed as described earlier (Sidhu et al., 2008 (Vorhölter et al., 2008) . X. campestris pv. campestris enzymes of central metabolism that were identified were highlighted in the SBML model.
Metabolic flux analysis
To predict the metabolic fluxes, metabolic network analysis was used (Schilling and Palsson, 2000; Price et al., 2004; Klamt et al., 2007) . This method facilitates a first approximation of fluxes in a metabolic network on the basis of reaction stoichiometry. Version 9.0 of the CellNetAnalyzer software (Klamt et al., 2007) was employed to perform the analysis. CellNetAnalyzer is a plug-in of Matlab (The Mathworks, Natick, MA, USA) for flux optimization analysis, and requires the Optimization Toolbox. CellNetAnalyzer could import the metabolic network from the SBML file provided by CARMEN by means of the sbml2cna script provided with CellNetAnalyzer.
To visualize the network in CellNetAnalyzer for graphical output, a bitmap image is required. The bitmap was obtained from the CARMEN-derived SBML by CellDesigner (Funahashi et al., 2003; Kitano et al., 2005) , which facilitated export to a PNG format file. Boxes with digits indicating the predicted fluxes were positioned in CellNetAnalyzer on the top of the respective reaction arrows. For the consumption of ADP, NAD and NADP, regeneration reactions (Krömer et al., 2006) were introduced to the network.
The simulation (flux optimization) was performed for a scenario where 100 units glucose and 10 units 2-dehydro-3-deoxy-D-gluconate were imported from the environment and where the cells produced biomass and xanthan, in this model represented by its precursors glucose-1-phosphate and fructose-1-phosphate, in equimolar proportion. The tentative biomass was derived from the precursors: 1 unit PRPP, 2 units ribose and 7 units pyruvate. The flux distribution is shown as a heat map with a predetermined threshold of 0.
RESULTS AND DISCUSSION
For supporting the in silico reconstruction of metabolic networks, CARMEN facilitates two major features. First, the KGML-based model generation exploits KEGG's expert knowledge about reactions and their graphical display. It thereby provides a rapid overview of the metabolic repertoire and makes the data obtained available by generating SBML output (SBML Level 2 and latest SBML Level 3 format). Second, the SBML-based model reconstruction uses SBML templates of a reference genome as backbone for pathway reconstruction. This information will be combined with genome annotation data of published or unpublished genomes. They can be extracted from NCBI GenBank files or from a genome annotation system.
Implementation
The software design of CARMEN reflects the two main requirements: specific Perl programs control the workflow of either the KGML-or SBML-based model generation. Both programs employ a core library implemented in Perl that provides functionality for GenBank import, access to KEGG information, the creation of the final SBML file and other reusable functions. Efficient data handling is realized using the general Perl modules XML::DOM and XML::Writer.
KGML-based model generation
The first feature of CARMEN is based on information of the KEGG PATHWAY database (Ogata et al., 1999) to provide a rapid overview of the metabolic properties of an organism. This database contains a collection of pathway maps including computerized information about graphical objects and their relationships stored in KEGG Markup Language (http:// www.genome.jp/kegg/docs/xml/). CARMEN extracts the KGML tags "entry", "relation" and "reaction" to gain enzyme, reaction and position data. These data are combined with annotation data such as EC numbers, gene identifiers and gene names of a chosen organism. Beyond the basic reconstruction, command line switches can be used to improve the output of a locally installable version of CARMEN. As an option, cofactors and stoichiometric data can be integrated according to reactions of a pathway based on data derived from KEGG Ligand files (ftp://ftp.genome.jp/pub/kegg/ligand/). To optimize the reconstructed network, CARMEN can merge identical enzyme symbols that were split in KEGG due to their participation in similar reactions. In addition, the compound nomenclature used within the reconstructed pathways can be chosen. Currently, KEGG compound IDs, KEGG compound names and user-defined abbreviations stored in a tab-separated list are supported.
SBML-based model generation
The second feature of CARMEN is the generation of metabolic networks based on pre-existing SBML templates. This facilitates the precise and rapid reconstruction of the metabolism of closely related genomes, for instance, of various strains belonging to the same species. The input is an SBML file, which provides layout and gene-specific information of a metabolic pathway. Genes of a new organism are mapped onto the SBML template using bidirectional best-BLAST hits (BBHs). BBHs are widely used for homology-based orthology estimation and can be generated in comparably short time. Recently, Altenhoff and Dessimoz (2009) concluded that BBHs give results comparable to the more sophisticated methods for orthology estimation. Thus, in CARMEN, BBHs are used based on BLASTP results, using the default scoring matrix BLOSUM62 and a user-defined E-value cutoff (default: 1e -10 ). Optionally, CARMEN proposes pathway extensions to find alternative or continuative pathways extending the template model based on KEGG Ligand files. Affiliated reactions have to satisfy two criteria. First, the reactions need to be adjacent to reactions of the SBML template. Second, genes encoding proteins catalyzing a certain reaction are annotated in the newly sequenced and annotated genome. Thus, it is possible to automatically identify direct connections of related pathways, which will be stored in a newly generated SBML file.
Moreover, KGML-based models can be used for SBML-based model generation. This strategy offers the mapping of exclusively (manually) drawn metabolic pathways to build up a library of verified metabolic networks for different organisms.
Web application of CARMEN
To provide convenient access to the implemented CARMEN functionality, a platformindependent web interface has been developed. An Apache web server (http://www.apache. org/), using CGI scripts (http://search.cpan.org/dist/CGI.pm/), generates the user interface that provides the functionality of the KGML-based model generation. A continuously updated NCBI genome database together with the KEGG PATHWAY map data is employed. The user may choose one organism and a multitude of KEGG pathways and perform the reconstruction analysis. After a CARMEN analysis run has finished, the user can directly download the resulting SBML files, which can be visualized by SBML-compliant tools, e.g., the CellDesigner software. Additionally, a Scalable Vector Graphics (SVG) representation of the metabolic reconstruction is rendered on the fly, displaying the selected metabolic pathways. The SVG image can be downloaded or reviewed in most recent browsers directly or via the freely available Adobe SVG plugin. Researchers have access to the Perl source code; detailed documentation is supplied on the CARMEN homepage.
Applications
CARMEN can be used as a stand-alone tool or via the web interface. Furthermore, it is embedded in the genome analysis pipeline of the Center for Biotechnology at Bielefeld University. Here, the tool is connected to the genome annotation system GenDB (Meyer et al., 2003) , the comparative genome analysis tool EDGAR (Blom et al., 2009 ) and the multi-omics viewer ProMeTra (Neuweger et al., 2009 ). GenDB can be used to obtain genome annotation data and BLAST hits between predicted proteins of two unpublished species. EDGAR identifies orthologous genes in different genomes and classifies genes as core genes or singletons. Gene sets of an organism group can be exported and mapped by CARMEN onto a graphical metabolic representation. ProMeTra uses SBML output of CARMEN for the mapping of quantitative omics data such as microarray data.
The in silico pathway reconstruction of CARMEN was used to obtain insights into the lifestyle of microorganisms, which have roles in both industrial biotechnology and pathogenicity, such as X. campestris pv. campestris B100 and corynebacteria. The first major example is the KGML-based reconstruction of the glycolysis pathway in X. campestris pv. campestris B100. Subsequently, further reconstructed networks have been curated, extended and used for various applications such as the mapping of proteome data or metabolic flux analysis. Examples illustrate these applications and demonstrate the usefulness of CARMEN for postgenomics experiments and systems biology. Another example arises from comparative genomics in combination with the SBML-based model reconstruction. As a use case, two recently sequenced pathogenic corynebacteria from human clinical sources named Corynebacterium kroppenstedtii and C. aurimucosum were selected. A metabolic network of the central carbohydrate metabolism of C. kroppenstedtii reconstructed in SBML (Tauch et al., 2008) was used to obtain the corresponding pathways of C. aurimucosum in less than a minute using CARMEN. 
KGML-based models of Xanthomonas campestris
Gram-negative bacteria of the genus Xanthomonas are plant-associated and usually plant-pathogenic proteobacteria that cause substantial harm to plants (Swings, 1993) . At the same time they produce a polysaccharide called xanthan, which has many applications in industry, making it the most important biotechnological polysaccharide synthesized by bacteria (Seisun, 2006) . While previous genome analyses focused on plant pathogenicity (Da Silva et al., 2002; Qian et al., 2005) , the recent genome analysis of X. campestris pv. campestris B100 (Vorhölter et al., 2008) compiled the genetic blueprints for all metabolic processes involved in xanthan biosynthesis, ranging from uptake of sugars via their processing in the central metabolism to the polymerization and export of xanthan. Based on this annotated genome, glycolysis was reconstructed by CARMEN (Figure 1) . Biochemical analyses had shown that X. campestris pv. campestris metabolizes imported glucose via the pentose-phosphate and Entner-Doudoroff pathways (Whitfield et al., 1982; Pielken et al., 1988) , while no activity could be shown for the phosphofructokinase reaction, which is an essential key enzyme of the Embden-Meyerhof pathway (glycolysis). This resulted in the assumption that there is no glycolysis in X. campestris, but recent genome analyses revealed a gene for phosphofructokinase, pfkA (Vorhölter et al., 2008) . Accordingly, the automated reconstruction with CARMEN of X. campestris pv. campestris B100 provided a metabolic pathway that comprised all key reactions of glycolysis, illustrating the fundamental capacity to utilize this catabolic pathway. The reconstruction and manual curation was performed based on the KGML file of the glycolysis. Gray symbols displaying the EC number of the encoded protein represent missing genes; otherwise, they are colored yellow. Pathway intermediates are displayed green. This pathway was used as a template for a core genome mapping of seven Xanthomonas species. The core genome was computed by EDGAR.
In a second step, CARMEN was employed for metabolic analyses based on comparative genomics. The genome annotation of X. campestris pv. campestris B100 had revealed several isogenes that encode multiple variants of central metabolism enzymes, including glycolysis enzymes such as phosphoglycerate mutase (EC 5.4.2.1, gpm), phosphopyruvate hydratase (EC 4.2.11, eno) or glucokinase (EC 2.7.1.2, glk). The specific role of the individual isogenes remained unclear. To shed light on this phenomenon, the distribution of these genes was checked in other Xanthomonas genomes that were publicly available. The curated SBML file of X. campestris pv. campestris B100 glycolysis, which had been generated by CARMEN, was re-used as a reference for this purpose. The core genome of seven Xanthomonas strains representing X. campestris pv. campestris (Xcc), X. oryzae pv. oryzicola (Xoc), X. oryzae pv. oryzae (Xoo), and X. campestris pv. amoraciae (Xca) was computed by EDGAR and stored in a tab-separated file. Subsequently, this information was mapped by CARMEN onto the SBML template. The result demonstrates that all proteins essential for glycolysis including phosphofructokinase are conserved between the Xanthomonas strains (Figure 1 ). At the same time, it became obvious that from each group of glycolysis enzyme isogenes, one representative was not included in the core genome, indicating that it might have a less essential role than the well-preserved isogenes.
Curation and application of metabolic networks
Besides visualizing metabolic pathways based on data from genomics or comparative genomics, CARMEN is designed to be a valuable tool for the manual curation of genome annotation data related to metabolism. For this purpose, CARMEN can be used in combination with an easy-to-use SBML editor such as CellDesigner. In such a scenario, CARMEN provides SBML-output at a semi-finished annotation state (e.g., after an automated functional annotation step). SBML editors exploit information generated by CARMEN such as EC numbers and KEGG reaction identifiers to facilitate database lookup by a single mouse-click, with the KEGG database system as a portal to cross-linked metabolic databases. Further on, users conveniently get access to integrated data such as gene identifiers. The user-friendly database access enables the rapid curation of annotation data. Metabolic reactions may be deleted, added or modified to complete the annotation. In parallel, the visual display of the analyzed organism's metabolism can be further enhanced. The metabolic maps obtained can be used as templates when further functional data need to be displayed. An example of this feature is again the central metabolism of X. campestris pv. campestris B100, where glycolysis was curated and interconnected with the Entner-Doudoroff pathway and the pentose-phosphate pathway to clearly illustrate this complex metabolic network (Figure 2) . This metabolic network reconstructed by CARMEN was utilized to visualize experimental results and predictions from systems biology simulations. The example indicates the presence of network nodes such as metabolites or enzymes that are identified in laboratory experiments. A use case is given in Figure 2A , where those enzymes of the X. campestris pv. campestris B100 central carbohydrate metabolism that were identified in the laboratory are highlighted. Not all proteins involved in the central metabolism could be identified experimentally due to biological and technical reasons (Stults and Arnott, 2005) . For Xanthomonas, basic proteomics techniques are well established. Recently, proteomics was employed to in-vestigate the outer membrane vesicles of X. campestris pv. campestris B100, while the 30 most abundant cytoplasmic proteins were already identified in 2003 (Sidhu et al., 2008) . For this use case, 215 proteins of X. campestris pv. campestris B100 were identified by 2-D gel chromatography ( Figure 2B ) and subsequent analysis of their peptide mass fingerprints. The gene highlighting option of CARMEN's SBML-based model generation was used to pinpoint the experimentally identified proteins within the reconstructed metabolic network based on a list of gene identifiers of the detected proteins.
In a second use case, the same CARMEN-derived SBML model of the X. campestris pv. campestris B100 central carbohydrate metabolism was employed for the analysis of metabolic fluxes ( Figure 2C ). Based on the reaction stoichiometries and a linear optimization algorithm, the reaction rates along the reconstructed pathways were simulated by this method (Klamt et al., 2007) , which is often applied in systems biology. A comparison of both use case results indicates their frequent conformity. This seems to be plausible because experimentally detected enzymes are likely to be highly abundant (Stults and Arnott, 2005) , while high enzyme abundance may lead to substantial turnover rates for those metabolic pathways that are constituted by the abundant enzymes. 
In silico metabolic network reconstruction

Employing an SBML-based metabolic network for comparative analysis
The genus Corynebacterium covers Gram-positive bacteria, which are non-motile and non-spore forming with a high G+C-content DNA. Two human-pathogenic members of this genus are C. aurimucosum and C. kroppenstedtii. C. kroppenstedtii, causing inflammatory breast disease (Taylor et al., 2003) , is a lipophilic and facultative anaerobic bacterium that had been described taxonomically in 1998 (Collins et al., 1998) while its complete genome was sequenced in 2008 (Tauch et al., 2008) . After sequencing and assembly, in the course of genome annotation, a metabolic network for C. kroppenstedtii was developed, visualized and stored in SBML. This SBML file was subsequently used as a basis for the SBML-based model reconstruction.
This reconstruction was applied to create the central carbohydrate metabolism of C. aurimucosum, a bacterial species that was isolated from human vaginal infections. The complete SBML model was automatically generated based on the manually curated metabolic network of C. kroppenstedtii in less than one minute ( Figure 3A) . Results of reciprocal best- BLAST hits between all genes of both species were employed. A detailed analysis of this network with CARMEN revealed that the majority of genes involved in glycolysis, pentose phoshate pathway and TCA cycle are conserved. Furthermore, the resulting network could be directly used to infer the potential natural habitat from the annotated genome of C. aurimucosum ( Figure 3B ): the presence of genes coding for L-tartrate degradation and the HPC metacleavage pathway indicate that C. aurimucosum is a resident of the human gut and as a contaminant of the vaginal tract could cause fatal abortion during pregnancy (Trost et al., 2010) .
CONCLUSIONS
We have implemented an automated and fast in silico metabolic reconstruction tool named CARMEN, which employs the approved standardized SBML format. Using this format enables the exchange between different visualization and simulation tools and the modeling of metabolic pathways, as well as the manual editing and verification of different networks. CARMEN is applicable for published or newly sequenced genomes and provides the KGML-based model reconstruction of metabolic networks as one of its major features to get a rapid overview of the metabolic repertoire of a microbe. The second feature is the creation of SBML-based models using already existing SBML template files of a reference genome, which can be used to focus on the reconstruction of specific pathways, for example manually verified ones. The possibility of the continuative use of the reconstructed or manually drawn metabolic networks is an important benefit of this software in comparison to tools that are tailored to KEGG-dependent pathway reconstruction. In summary, CARMEN is particularly useful for rapidly obtaining an overview of newly sequenced genomes and their metabolic blueprints, for visualizing post-genomic experimental or simulation data, and for comparative genome analysis.
